Trichophyton rubrum (T. rubrum) is a pathogenic filamentous fungus of increasing medical concern. Two antifungal agents, ketoconazole (KTC) and amphotericin B (AMB), have specific activity against dermatophytes. To identify the mechanisms of action of KTC and AMB against T. rubrum, a cDNA microarray was constructed from the expressed sequence tags (ESTs) of the cDNA library from different developmental stages, and transcriptional profiles of the responses to KTC and AMB were determined.
by searching for known pathway homologs in the Kyoto Encyclopedia of Genes and Genomes database.
cDNA Microarrays. PCR fragments used for printing the microarray chip were amplified from the EST library in 96-well plates using vector-PCR amplification with T7 and SP6 universal primers. PCR products were analyzed on gels to confirm the success of the reactions and were subsequently purified using MultiScreen-PCR plates (Millipore). Purified PCR products were resuspended in 50 µl of 3× SSC (0.45 M sodium chloride, 0.045 M sodium citrate [pH 7.0]) to produce the microarrays. A set of microarrays containing a total of 11,232 spots (including 10,250 clones in the form of PCR products and 982 controls in each block, including blank, negative, and positive controls were spotted in duplicate on slides (Corning) with a Cartesian ® arrayer. The spotted cDNA was cross-linked to the surface of the slides (at 65 mJ) using a StrataLinker instrument and washed with 1% SDS to minimize background signal. Slides were subsequently placed in a blocking solution containing 0.2 M succinic anhydride and 0.05 M sodium borate prepared in 1-methyl-2-pyrrolidinone for 20 min, washed for 2 min in 95°C water, and rinsed five times 7.0 with 0.165 M morpholinepropanesulfonic acid (MOPS) (Sigma, Madrid, Spain) was used for broth microdilution susceptibility testing. Test concentrations for KTC and AMB ranged from 0.01 to 64.0 µg/ml. A standardized inoculum was prepared by counting the microconidia microscopically. Cultures was subcultured onto PDA and incubated at 28 C for 7 days to produce conidia. Sterile normal saline (0.85%) was added to the agar slant, and the cultures were gently swabbed with a cotton-tipped applicator to dislodge the conidia from the hyphal mat. The mixture of conidia and hyphae fragments was filtered with a Whatman's filter model 40 (pore size 8 µm), which retains hyphae fragments and only allows passage of T. rubrum microconidia. The suspension was transferred to a sterile centrifuge tube, and the volume was adjusted to 5 ml with sterile normal saline. Microdilution plates were set up in accordance with the NCCLS M38-A reference method. The final inoculum size was adjusted to between 0.4 × 10 4 and 5.0 × 10 4 colony-forming units (CFU)/ml. The microdilution plates were incubated at 30 C and were assessed visually after 72 hours of incubation. For azole agents, the minimum inhibitory concentration (MIC) was defined as the lowest concentration prepared for each experiment from 7-day-old cultures grown on PDA. The mixtures of conidia and hyphal fragments were collected in distilled water. These stock suspensions were diluted in RPMI medium to obtain inoculum sizes of 1.0 × 10 6 CFU/ml. For a single microarray experiment, a total of six 100-ml cultures were prepared (three independent 100-ml cultures were grown for each drug). All drug exposures were performed on the same day using the same starting culture to minimize experimental variations, and final inoculum sizes of 1.0 × 10 4 CFU/ml were reached. The cultures were incubated at 30°C and 140 rpm to saturation (4 days). An antifungal drug was added to three cultures at a concentration equivalent to 0.5 times the MIC (0.25 µg/ml KTC, 0.5 µg/ml AMB) and incubated. Three control cultures were treated with an appropriate amount of DMSO. Twelve hours after drug addition, three control cultures and three drug-treated cultures were harvested by filtration through Whatman no. 1 filter paper, washed thoroughly with sterile water, and quickly frozen in liquid nitrogen until RNA preparation. Genes were considered to be differentially expressed if (i) average expression changed by at least 3-fold in three independent experiments performed with triplicate RNA samples or (ii) the change in gene expression was in the same direction ("increased" or "decreased") in three experiments. Quantitative real-time PCR experiments were performed in triplicate using the 7000
RNA
Sequence Detection System (Applied Biosystems, Foster City, CA). Independent PCRs were performed using the same cDNA for both the gene of interest and the 18S rRNA, using the SYBR Green PCR Master Mix (Applied Biosystems). Gene-specific primers were designed for the genes of interest and the 18S rRNA using Primer Express software (Applied Biosystems) and are shown in Table I . The PCR cycle consisted of AmpliTaq Gold activation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min. A dissociation curve was generated at the end of each PCR cycle to verify that a single product was amplified using software provided with the 7000 Sequence Detection System. The changes in fluorescence of SYBR Green I dye in each cycle were monitored by the system software, and the threshold cycle (C T ) above the background for each reaction was calculated. The C T value of 18S rRNA was subtracted from that of the gene of interest to obtain a C T value. The C T value of an arbitrary calibrator (e.g., untreated sample) was subtracted from the C T value of each sample to obtain a C T value. The gene expression level relative to the calibrator was expressed as 2 -CT .
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MIC Determinations. The susceptibilities of T. rubrum to antifungal compounds were determined. The antifungal drugs used were KTC and AMB. Based on those experiments mentioned above, the MIC values for the two drugs were determined as 0.5 µg/ml for KTC and 1 µg/ml for AMB.
Construction of cDNA Libraries. A total of 3,816 contigs and 7,269 singlets were found, which constitute the 11,085 T. rubrum assembled EST database. The ESTs were annotated using the databases mentioned above. It is noteworthy that some important genes involved in the growth, metabolism, signal transduction, pathogenesis and drug resistance of T. rubrum were identified, which could be used to determine important metabolic pathways in T. rubrum.
Global gene expression results.
In total, 387 genes were differentially expressed upon exposure to KTC; 200 of which showed a significant increase in expression and 187 of which showed a significant decrease in expression. The data sets have been exported to the GEO (GEO accession number GSE 5014). The distribution of KTC-responsive genes and their biological roles are shown in Table  Of the genes that showed a response to KTC, most were classed as "unknown function" (48.6%), and the others were classified as involved in amino acid transport and metabolism (6.5%), lipid, fatty acid and sterol metabolism (4.4%), post-translational modification, protein turnover, chaperones (4.4%), and carbohydrate transport and metabolism (3.9%). Some genes among the 387 genes differentially expressed upon exposure to KTC were listed in Table . -12 -
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In total, 686 genes were differentially expressed upon exposure to AMB; 244 of which showed a significant increase in expression and 442 of which showed a significant decrease in expression. The distribution of AMB-responsive genes and their biological roles are shown in Table . Of the genes that showed a response to AMB, most were of unknown function (44.2%), and the others were classified as involved in amino acid transport and metabolism (7.7%), translation, ribosomal structure and biogenesis (4.8%), lipid, fatty acid, and sterol metabolism (3.5%), and inorganic ion transport and metabolism (2.5%). Some genes among the 686 genes differentially expressed upon exposure to AMB were listed in Table . Validation of microarray data by real-time RT-PCR. Real-time quantitative RT-PCR was conducted to validate microarray data using the same RNA from the original microarray experiment. Ten genes (5 per drug) were tested not only to confirm their roles in the response of T. rubrum to the respective drugs (e.g. ERG11, ERG6 and ERG26 for KTC; GIT1, FKS1, and GAS1 for AMB), but also to verify the novel responses identified in the present study (e.g.
ABC1 and phiA for KTC; DW701717 and DW708548 for AMB.). The result of real-time PCR analysis was shown in Fig.1 . There was a strong positive correlation (r = 0.92) between the two techniques, 6 genes showed upregulation and 4 genes showed downregulation in response to drug treatment, which confirmed the reliability of the microarray data.
DISCUSSION
Gene expression responses to KTC. The number and characteristics of the responsive -13 - showing that this pathway is the target of azoles (1, 17). The most highly differentially expressed gene in this category was ERG6 which showed a ~37-fold induction in response to KTC. The ERG6 catalyzes a biosynthetic step not found in humans and disruption of this gene in Saccharomyces cerevisiae has been shown to result in several compromised phenotypes, most markedly increased permeability. Inhibitors of the ERG6 gene product would make the cell increasingly susceptible to antifungal agents that would normally be excluded from the fungus and would allow for clinical treatment at lower dosages (14) . We note that ERG6 may be a potential drug target of antifungal agents.
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In addition to the ergosterol biosynthesis genes, transcription of seven additional genes We found that transcription of the genes encoding eight ribosomal proteins (L35A/L37, L36, L6, L3, yl16a, 15.5kD/SNU13, S18 and S10) was downregulated significantly. Small reductions in the expression of ribosomal protein genes allow energy to be redistributed to allow increased expression of genes involved in protective responses, while maintaining a basal level of protein synthesis (34). It should be noted that not all ribosomal protein transcripts are repressed. Ribosomal protein S15/S22 and mitochondrial/chloroplast ribosomal protein L15/L10 were upregulated in our study.
We noted that DCW1, which encodes a putative mannosidase, was repressed significantly upon exposure to KTC. DCW1 is required for cell-wall biosynthesis during bud formation and is homologous to Dfg5p. The results of both homozygote-triplication tests and conditional expression strategies indicate that dfg5 and dcw1 mutations are synthetically lethal (28).
In total, our results showed that the azole antifungal inhibited cytochrome P450-dependent enzymes that were involved in the biosynthesis of cell-membrane sterols.
Gene Expression Responses to AMB.
The number and characteristics of the responsive genes grouped according to biological function are shown in supplement table 2.
As with KTC, most responsive genes (303 genes) were of "unknown function".
Of the characterized genes, most were classified as involved in transport. Transcription -16 - polyenes are thought to intercalate into membranes, forming a channel through which cellular components, especially potassium ions, leak, and thereby destroying the proton gradient within the membrane (35). It is possible that damage to the cell wall would cause defects in the plasma membrane and affect transport of small molecules through the membrane.
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In our experiments, it was found that AMB reduced the transcription of some genes that encode ribosomal proteins, such as L19, L28, L11, DW679066, L13, L4, S18, HS6-type (S12/L30/L7a), and YmL35. But AMB increased the expression level of the genes that encode L3, L34, and S27. Similar results have previously been obtained by Zhang et al (40).
It was found that AMB induces genes that encode stress-response-related proteins in T. rubrum to AMB.
DW697546, ERG4, DW699008, DW705750, EB801635, ACS, DW703927, DW708678, DW710649, DW678450, DW683501, IDI1, DW707302, DW690970, ELO2, and
In conclusion, our knowledge of the molecular biology of T. rubrum is still in its infancy, and it is difficult to elucidate the entire biology of T. rubrum. The conclusions drawn in this study are only preliminary and more genes will be identified and annotated. The T. rubrum microarray studies described here have revealed the gene-expression changes with two classes of antifungal agents to be consistent with their known mechanisms of action. There were also some specific findings in T. rubrum that differ from previous reports, this may be the main interest of the T. rubrum microarray studies. The study lays the groundwork for antifungal drug development using microarray studies to identify gene expression profiles. Cell-wall biosynthesis
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DW687269 FKS1
Catalytic subunit of 1,3-beta-D-glucan synthase -3.5
DW678357 SUN4
Cell wall protein related to glucanases -6.0 DW699324 1,3-beta-glucan synthase catalytic subunit -3.8
DW703981 GAS1
Beta-1.3-glucanosyltransferase -4.2
DW681613
GPI anchored protein -3.1
DW679073
Integral membrane protein, interacts with FtsH +3.9
Signal transduction
DW703091
Mitogen-activated protein kinase MpkA -3.9
DW699167 STE7
Mitogen-activated protein kinase kinase -43 -
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